The FasD protein is essential for the biogenesis of 987P fimbriae of Escherichia coli. In this study, subcellular fractionation was used to demonstrate that FasD is an outer membrane protein. In addition, the accessibility of FasD to proteases established the presence of surface-exposed FasD domains on both sides of the outer membrane. The fasD gene was sequenced, and the deduced amino acid sequence was shown to share homologous domains with a family of outer membrane proteins from various fimbrial systems. Similar to porins, fimbrial outer membrane proteins are relatively polar, lack typical hydrophobic membrane-spanning domains, and possess secondary structures predicted to be rich in turns and amphipathic n-sheets. On the basis of the experimental data and structural predictions, FasD is postulated to consist essentially of surface-exposed turns and loops and membrane-spanning interacting amphipathic ,-strands. In an attempt to test this prediction, thefasD gene was submitted to random in-frame linker insertion mutagenesis. Preliminary experiments demonstrated that it was possible to producefasD mutants, whose products remain functional for fimbrial export and assembly. Subsequently, 11 fasD alleles, containing linker inserts encoding P-turninducing residues, were shown to express functional proteins. The insertion sites were designated permissive sites. The inserts used are expected to be least detrimental to the function of FasD when they are inserted into surface-exposed domains not directly involved in fimbrial export. In contrast, FasD is not expected to accommodate such residues in its amphipathic ,-strands without being destabilized in the membrane and losing function. All permissive sites were sequenced and shown to be located in or one residue away from predicted turns. In contrast, 5 of 10 sequenced nonpermissive sites were mapped to predicted amphipathic P-strands. These results are consistent with the structural predictions for FasD.
proteins are FasB and FasD. Functional and structural data on FasB indicate that this protein is a periplasmic chaperone for 987P fimbrial subunits (46a, 48) . Fimbrial systems characteristically have one chaperone protein associating with fimbrial subunits in the periplasm, protecting them from proteolytic degradation and preventing them from assembling or aggregating prematurely in the wrong subcellular compartment (9, 18, 30) . This is consistent with previous studies which showed that certain fimbrial subunits, 987P subunits included, have the capacity to associate spontaneously into fimbria-like structures in vitro in the absence of other proteins (1, 47) .
How fimbrial subunits cross the outer membrane to form the fimbrial thread on the bacterial surface remains to be elucidated. Currently, it is known that each fimbrial gene cluster encodes a single 80-to 100-kDa protein that is required for fimbrial export. This protein is characteristically the largest and the only one of every studied fimbrial system which is stably associated with the outer membrane (9) . A recent study with the Pap fimbriae has shown that the various subunits of the fimbriae bind with different affinities to the outer membrane protein (OMP) PapC (11) . The respective affinities corresponded to the subunit ordering in the fimbrial structure, the subunit with the highest affinity being the first or tip subunit of the fimbriae. Therefore, PapC was proposed to play an active role in determining the correct order of subunit assembly. As such, PapC was designated a molecular usher (11, 22) .
For the 987P fimbrial system, FasD was previously identified as the PapC analog since it was the largest protein of this system (48, 49) . In this article, FasD exposure on the bacterial surface is established, confirming that it is an OMP. Its primary structure was determined and was shown to exhibit a significant level of derivative) and of additional plasmid constructs. The coding region for promoter and a chloramphenicol resistance gene was prepared the eight fas genes and the location of the transposon encoding a by deleting the HindIII fragment of pDMS27 containing thefas heat-stable enterotoxin are indicated by boxes. The arrows indicate the genes (48) . This vector was used to prepare pDMS165 by directions of transcription of the fas genes.
subcloning fasD from pDMS148 (HindIII-XbaI fragment) downstream of the T7 promoter. The various fasD-phoA fusions originate from a collection of TnphoA mutants of proteins of many other fimbrial systems. This homology sugpDMS6 prepared in a previous study (48) . The HindIII-XhoI gests the existence of conformational constraints on the strucfragment of TnphoA insertion 4.23 encoding the whole fusion ture of FasD and other fimbrial OMPs required for their product was subcloned into pKS downstream of the T7 propivotal role in fimbrial biogenesis. In an attempt to distinguish moter to make pDMS168. FasD domains which are required for fimbrial export from less Specific labeling of Fas proteins and subcellular fractionessential sites, the mutagenic approach presented and disation. Fas proteins were specifically labeled for 10 min with a cussed in this article was carried out. mixture of 35S-methionine and 35S-cysteine (NEN Research (Part of this work was presented at the 93rd General Products, Boston, Mass.) by using a T7 expression system as Meeting of the American Society for Microbiology, Atlanta, described previously (48, 53 (57) . Briefly, 3 ml of fasG, which can be used for specific gene expression as overnight cultures was centrifuged, and pelleted bacteria were described previously (48) . Standard procedures (45) Protease accessibility to surface-exposed residues of FasD.
Intact bacteria and spheroplasts, prepared as described above (40) , were submitted to protease treatments. Strain DMS902 with plasmid pDMS165 was grown overnight. Aliquots of 0.5 ml of bacteria were spun, pelleted bacteria were resuspended in 0.1 ml of appropriate buffer, and treated for 30 min at 37°C with either one of three proteases as follows: proteinase K (11.4 U/mg) at S mg/ml in PBS; trypsin (9, 800 Not-benzoyl-Larginine ethyl ester units/mg) at 0.5 mg/ml in 50 mM NH4HCO3 (pH 7.8); Staphylococcus aureus V8 protease (650 U/mg; Promega) at 0.5 mg/ml in 50 mM NH4HCO3 (pH 7.8) for glutamic acid cleavage or at 0.5 mg/ml in 50 mM NaPO4 (pH 7.8) for aspartic and glutamic acid cleavage (17) . Reactions were stopped by adding phenylmethylsulfonyl fluoride and 2x sample buffer and by immediately heat treating the samples (100°C, 10 min).
SDS-PAGE and immunoblotting. Protein profiles of wholecell extracts or of subcellular fractions boiled in sample buffer were determined by SDS-PAGE as described previously (48) . Radiolabeled samples were analyzed by fluorography. FasD- PhoA fusion products were analyzed on Western blots by using anti-alkaline phosphatase and peroxidase-conjugated secondary antibodies as described previously (48) . Blots were developed by using 3,3'-diaminobenzidine. FasD (45) . Rinsed blots were processed for antigen detection by using quaternary structure-specific anti-987P monoclonal antibody Eli (47) , peroxidase-conjugated secondary antibodies, and 3,3'-diaminobenzidine as described above.
Seroagglutination. Slide agglutinations were performed with preadsorbed rabbit anti-987P fimbrial antiserum as described previously (47, 49 5 6 7 8 9 10 FIG. 4. Western blot of total proteins of E. coli SE5000 (pDMS165) probed with anti-FasD antibody and analyzed by enhanced chemiluminescence. Lanes: 1 to 5, intact bacteria; 6 to 10, spheroplasts; 1 and 6, control without proteases; 2 and 7, trypsintreated bacteria; 3 and 8, bacteria treated with V8 protease used under conditions for cleavage at Glu residues; 4 and 9, bacteria treated with V8 protease used under conditions for cleavage at Asp and Glu residues; 5 and 10, proteinase K-treated bacteria.
whether the folding and insertion of the remaining portion of FasD is the same as those for its native state, our results are at least consistent with the localization studies of native FasD.
Surface exposure of FasD. The potential accessibility of surface-exposed domains of FasD to proteases was determined. The obtained anti-FasD antibody was utilized to identify FasD by Western blot and enhanced chemiluminescence. The antibody recognized FasD and some of its degradation products, which were described above (Fig. 4) . Moreover, in addition to submitting intact bacteria to protease treatments, prepared spheroplasts were treated in a similar fashion to identify FasD domains which are exposed on the periplasmic surface of the outer membrane. Trypsin and V8 protease, used under specific conditions for glutamic acid residues, did not affect FasD in intact bacteria (Fig. 4) . In contrast, the broadrange protease proteinase K and V8 protease, used under conditions cleaving both aspartic and glutamic acid residues, were able to degrade portions of FasD. Taken together, these data indicate that a portion of FasD is surface exposed and that at least one of its domains includes an aspartic acid residue which is accessible to V8 protease. Interestingly, FasD of spheroplasts was susceptible to all proteases, suggesting that larger domains of FasD are exposed on the periplasmic side of the outer membrane.
DNA sequence of fasD. The DNA sequence of the NcoI fragment of pDMS8 and the deduced primary structure of FasD are shown in Fig. 5 . Initiation of translation of fasD is proposed to involve a typical ribosomal binding site (Fig. 5,  underlined) . The proposed translational start site offasD (Fig.  5 ) was confirmed by in vivo transcription and translation of two deletion constructs with the T7 expression system (data not shown). The extent of the deletions, which were obtained by exonuclease III treatments, were determined by DNA sequencing. FasD was still expressed after the first 164 bp shown in Fig. 5 (54) is proposed (Fig. 5, arrow) . The (Fig. 6 ) of the multiple alignment. The profiles of residue identities among at least six fimbrial OMPs are shown in Fig. 7A . Some residues are fully conserved among all 10 proteins. Glycine, tryptophan, tyrosine, and proline residues are preferentially conserved over other residues. Residues 302 to 310 in FasD (VPPGPFXIXD) correspond to the bestconserved span of residues among these proteins. All of the fimbrial OMPs have two cysteines aligning at the carboxyterminal end and, with the exception of FasD, two cysteines aligning around residues 90 and 110. This suggests that the aligning pairs of cysteines make disulfide bridges on either side of the membrane. The similarity in function and structure of these proteins indicates that they should be classified as a new family of OMPs in gram-negative bacteria. Moreover, these proteins can be differentiated from type IV fimbrial OMPs since they share neither homologous sequences nor the consensus sequence of lipoprotein processing sites found with type IV fimbrial OMPs (41) .
Structure predictions for FasD. On the basis of two extensively studied groups of OMPs, the porins (including OmpA and LamB) and the active transporters of iron siderophores and vitamin B12 (25, 36, 44) , OMPs are proposed to be relatively hydrophilic proteins which span the outer membrane as 3-strands, in contrast to the hydrophobic (x-helical structures of bacterial and eucaryotic cytoplasmic membrane proteins (23, 37, 44) . Recently resolved crystal structures of the Rhodobacter capsulatus and E. coli OmpF and PhoE porins indicated that each subunit of these trimers consists of 16 1-strands forming an antiparallel 13-barrel (8, 55) . Combinations of certain algorithms, used to identify turns and hydrophobic and amphipathic domains, have been surprisingly correct in predicting most of the membrane-spanning domains of porins (19, 21, 50) and are being used to support structural studies on siderophore receptors (28) . Applying Jahnig's predictors, FasD consists mainly of amphipathic r-strands, (3-turns, and loops (Fig. 7) . Other fimbrial OMPs demonstrate essentially similar predicted structures. Moreover, the size of fimbrial OMPs and the number of predicted f-amphipathic strands are similar to the ones described or proposed for siderophore receptors (28 STFimD is from S. typhimuriumn (42) ; BPFimC is from B. pertussis (56) ; YPCafA is from Y pestis (24) . Amino acid residues are indicated on the left and right sides for each sequence. brane. As presented above, our working model for FasD assumes that the membrane-spanning domains of this protein consist essentially of amphipathic 1-sheets which stabilize the protein in the outer membrane. To optimize inactivation of the function of FasD after linker insertion into membrane-spanning 3-sheets, we used linkers encoding residues acting as ,B-breakers, like proline and glycine. Therefore, the identification of nonpermissive sites should characterize most membrane-spanning domains and the surface-exposed domains which are involved in fimbrial export. In contrast, identified permissive sites should essentially represent connecting surface-exposed turns and loops (i.e., towards the periplasmic or bacterial surface) which are not involved in fimbrial export.
Preliminary experiments were used to determine whether it is possible to engineer in-frame mutations infasD (pDMS165) which can still complement afasD mutant (pDMS13). For this, a SmaI linker was inserted in four unique restriction sites of fasD with blunt ends (PvuII, StuI, EcoRV, and SnaBI). To identify a permissive site, complemented fasD mutants were screened by seroagglutination with anti-987P fimbrial antibodies. From these constructs, only the insertion into EcoRV partially complemented a fasD strain (SE5000 with compatible plasmid pDMS13) for 987P fimbriation. Interestingly, this site is located in a predicted turn (Table 1 and Fig. 7) , with a highly conserved proline absent only in FasD (Fig. 6, residue 268) . In contrast, two of the three other inserts flank or reside in a predicted amphipathic 1-strand. This result suggested that the proposed mutagenesis approach could be used on a larger scale to study FasD.
Accordingly, ApaI linkers were inserted randomly into pDMS165 previously cut with DNase I. Initially, plasmids from 235 independent colonies were isolated and ApaI insertions were mapped by restriction analysis. Plasmids with ApaI inserts in fasD were tested by complementation analysis for fimbriation by using seroagglutination. Of 74 plasmids with inserts in fasD, six were complementing for fimbriation. The corresponding insertion sites were mapped and sequenced (Table 1 and Fig. 7 ; sites 249, 268, 362 twice, one with a short in-frame duplication of target DNA, 363, and 514). Seroagglutination was evaluated as described previously (49) , and comparable strong reactions (+ + +) were obtained when testing the wild type and four of the five mutated plasmids. Only the construct with anApal linker in site 268 complemented less efficiently, as shown by a weaker seroagglutination reaction (+). In addition to simple linker insertions, several constructs demonstrated duplications or deletions of one or a few codons at the insertion site of the ApaI linker in the fasD sequence. These changes probably resulted from using the Klenow fragment of E. coli DNA polymerase I to blunt protruding termini frequently created by DNase I (45) .
To facilitate identification of permissive sites, an approach which eliminates unnecessary restriction mapping was used. For this, approximately 90 new colonies were first tested for fimbriation by immunoblotting, using monoclonal antibodies specific for the quaternary structure of 987P fimbriae. Four additional permissive sites were identified in fasD by mapping and sequencing ApaI inserts in plasmids of colonies that were positive by immunoblot. That the corresponding FasD proteins were functional was confirmed by seroagglutination as described above (Table 1 and Fig. 7; sites 202, 243, 604, and 704) The proposed nature of this relationship will be elaborated in Discussion. b Total number of inserted or deleted amino acid residues. 1, number of newly inserted residues; S, number of substituted residues; Du, number of duplicated residues;
De, number of deleted residues. ' Linker insertion sites with resulting mutations in fasD and deduced amino acid changes. Numbers refer to the indicated first and last nucleotides or amino acid residues of the original respective sequences. Linker DNA (ApaI or SmaI linkers) and new amino acids are in italics.
d Conserved nature of the insertion sites. Symbols: +, insertion in a site flanked by conserved residues (defined as identical residues for at least 6 of the 10 compared fimbrial OMPs), or deletion or substitution of conserved residue; -, insertion in a site separated from a conserved residue by at least one residue.
e Predicted secondary structure of the insertion sites. Symbols: 1B, insertions in sites predicted to be involved in forming membrane-spanning 1-strands (.9 residues); T, insertions in sites predicted to form only turns (± 1 residue).
f Exported and assembled fimbriae quantified by seroagglutination. Symbols: + + +, immediate very strong reaction; + +, strong reaction after 10 s; +, weak reaction after 10 s; -, no reaction for 1 min. (5) . Moreover, the extent of the alterations which can be made at these sites without affecting the function of FasD will test the degree of permissiveness more stringently. In a preliminary experiment, we observed that a permissive linker insertion site could tolerate a reporter epitope of 11 residues, the mutated FasD remaining functional (46a) .
Finally, it has been proposed that siderophore receptors undergo a conformational change to internalize their ligands (26, 28 
